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A computational and experimental flow field analyses of separate flow chevron nozzles is presented. The
goal of this study is to identify important flow physics and modeling issues required to provide highly accurate
flow field data which will later serve as input to the Jet3D acoustic prediction code. Four configurations are
considered: a baseline round nozzle with and without a pylon, and a chevron core nozzle with and without a py-
lon. The flow is simulated by solving the asymptotically steady, compressible, Reynolds-averaged Navier-Stokes
equations using an implicit, up-wind, flux-difference splitting finite volume scheme and standard two-equation
k — e turbulence model with a linear stress representation and the addition of a eddy viscosity dependence on
total temperature gradient normalized by local turbulence length scale. The current CFD results are seen to be
in excellent agreement with Jet Noise Lab data and show great improvement over previous computations which
did not compensate for enhanced mixing due to high temperature gradients.

Introduction from the isolated case, the aerodynamic and noise reduc-

Typically for modern commercial aircraft, engine in- tion performance of the device or strategy. This focus on
stallation involves the engine-under-the-wing or the tailPoth the aerodynamic as well as acoustic interaction effects

mounted Conﬁgura‘tion_ However, even within those tWOof installation and propulsion airframe ael’oaCOUStiCS, will
basic categories there are many design variables includ?¢come more important as noise reduction targets become
ing structural, aerodynamic, and operational factors. Fofnore difficult to achieve.

these standard engine installations and design requirements

. ] X ) The work in this paper is a continuation of an on-going
g;eslsrgustry has highly developed design and analysis P'O%tfort to study the effect of the pylon on separate flow noz-

) . . . . Zles including those equipped with the chevron jet noise
The impact on the net radiated noise of the aircraft is,oy,,ction gevice, Building on preliminary wofkthe pri-

important in propulsion airframe integration and is the gen}Fnar_y ObJeCt.Ne of th|_s work Is to Improve the capability
eral motivation for the work reported here. One exampleto smula}e installed jet conﬁguranons and to dgvelop un-
of an aeroacoustic effect of propulsion ai.rframe integra-derStand'.ng of th_e chara_ctens_ncs of the flow field of_ the
tion could be the effect of the pylon on the developmentseleqted installation c'onflgurat'lons throggh computational

L . solutions compared with flow field experiments performed
of the exhaust plume and on the resulting jet noise. An-

. : L . at the NASA Langley Jet Noise Laboratory. In parallel
other area of installation effect on noise is the impact tha g'ey Y P

) . . . . ?esearch, Huntéris developing an installed jet noise pre-
installation has on noise reduction devices such as chevr Ping J b

nozzles. Manv noise reduction devices are studied fundo&ction method that uses the flow field information from
: ny ) “%hese computational solutions and compares with acoustic
mentally on isolated components. In general, InStaIIatIor'experiments that have also been performed at the Jet Noise

effects must be considered because these effects may altEE:\boratory on these same configurations. Together, these

*Senior Research Scientist, AIAA Member. three tools are being used to develop an understanding of
T Aerospace Engineer, Senior Member AIAA. the acoustic interaction between pylon and chevron nozzles
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§Senior Scientist. . ’ . . 0
Copyright(© 2003 by the American Institute of Aeronautics and Astronautics, aim of developlng flow and acoustic predlctlon Capablllty

Inc. No copyright is asserted in the United States under Title 17, U.S. Code. ThedNd noise reduction technology for installed jet configura-
U.S. Government has a royalty-free license to exercise all rights under the copyrighﬁOnS

claimed herein for Governmental Purposes. All other rights are reserved by the :

copyright owner.

1oF11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICSPAPER 2003-3212



and pylon design combined with no added design feature
for the junction similar to the junction in the previous con-
figuration 4.

Experimental Flow Conditions

Surveys of the flow fields of configurations 1, 3, and
4F are used to compare with the results of the simulations

1

i J‘ in subsequent sections. The surveys were performed in
: the NASA Langley Low Speed Aeroacoustic Wind Tunnel
a) Config. 1 with a traverse apparatus moving a single rake of probes

(see Figure 2). Mean total pressure and total temperature
were measured with a rake that was populated with three
total pressure and three total temperature probes and tra-
versed in cross-sectional planesagtD = 2, 5, 10, and
17. At each cross-section a grid was mapped with measure-
ments taken typically in 0.64 cm increments:aD = 2 and
5andin 1.27 cm incrementsatD = 10 and 17. The grids
were sized at each axial station to cover most of the core
and the fan plume. As a result, several hundred increments
and samples were taken in order to complete a survey at a
single axial station. Maintaining the core and fan jet op-
Fig. 1 Surface and symmetry plane grid lines. erating condition was critical to obtaining a good survey.
: ; Table 1 lists the mean values of the core and fan operatin

i Cc_)nflgl_JraJFlonS conditions and the standard deviation of those coEditiong

The baseline configuration is a separate flow nozzle of 5 wnical survey at a single axial station, indicating that

bypass ratio of five with an external plug. The nozzle ande onerating conditions were in fact maintained well over
pylon designs are from a nozzle study performed by MCyho ore than an hour of run time required for each axial
Donnell Douglas (now Boeing) in 1996 and represents &tation

generic design. The chevrons were designed for the core

nozzle using guidelines similar to those used in the NASATable 1 Mean and standard deviation values for the core and
Advanced Subsonic Transport program. The chevrons ari&n operating conditions during the survey of configuration 3
designed to penetrate into the core flow by approximately?t z/D=5.

c) Config. 3 d) Config. 4F

the thickness of the boundary layer. The trailing edge of the Mean Standard Dev.
baseline nozzle is chosen to correspond to the mid-point of NPR Core 1.557 0.004
the chevron axial length. The four configurations analyzed T, Core 826.1 K 3.3K

in this study are: NPR Fan 1.747 0.005

Configuration 1: Baseline round core and fan nozzle T: Fan 358.7K 0.8K

with no pylon (Figure 1a).

Computational Flow Conditions

The flow conditions for both experiments and computa-
tions are set at the take-off cycle point. The free stream
Configuration 3: Eight chevron core nozzle and baseMach number is 0.28 with total pressure and tempera-
line fan nozzle with no pylon (Figure 1c). ture set to standard atmospheric conditions at sea level of
101353 Pa and 295 K respectively. The fan pressure ratio
is 1.75 with total temperature of 359 K. The core pressure
ratio is 1.56 with total temperature of 828 K.

Configuration 6: Baseline core and fan nozzle with
pylon (Figure 1b).

Configuration 4F: Eight chevron core nozzle and base
line fan nozzle with pylon with the tip of a chevron
aligned with the pylon (Figure 1d).

The configuration numbering scheme is consistent with Numerical Method
previously used configuration numbérdhe current con- The fluid flow is simulated by solving the asymptotically
figurations 1 and 3 are identical in geometry to the samesteady, compressible, Reynolds-averaged Navier-Stokes
configurations simulated previously only in this work they equations using an implicit, up-wind, flux-difference split-
are simulated with the results of the improved computating finite volume scheme and standard two equatien
tional formulation to be described below. The pylon in theturbulence modélwith a linear stress representation and
current work has a diverging shelf anglelo§° (configu-  the addition of an eddy viscosity dependence on total tem-
rations 6 and 4F) while the pylon in the previous configu-perature gradient through the variation @Higclosure coef-
rations 2, 4, and 5 had a curved shelf line. The junction irficient, see Abdol-Hamiet al®> All computations are per-
configuration 4F is simply the result of a separate chevrorformed using the parallel, multiblock, structured grid code
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Fig. 2 Photograph, looking upstream, of the flow field survey experiment in the NASA Langley Low Speed Aeroacoustic Wind

Tunnel. Configuration 1 is installed on the jet engine simulator surrounded by the wind tunnel nozzle. Rake of probes (center of
photo) is seen mounted on a traverse mechanism.

PAB3DS$ Viscous diffusion terms are modeled as uncou-chevron nozzle without pylon provide confidence that the
pled in the flow direction and fully coupled in the crossflow azimuthal direction is also fully resolved with 40 cells per
direction and a 3-factor scheme is used for the approximaehevron orl1.125° resolution. Grid sizes range from less
tion of implicit terms. than 300,000 cells for &°- two cell wedge grid to over
Grid sequencing is used to accelerate convergence b6 Million cells for the full180° chevron/pylon grid, see
solving 1/4 then 1/2 of the grid in each of the three com-Table 2 and Figure 1. All surfaces are gridded and run as
putational directions. The general solution procedure fol-Viscous with the exception of the lower bifurcator and a
lowed is to solve the region near the nozzle via time marchYery small tip region of the plug. The average value of the
ing, then solve the plume blocks via space marching, thefaw of the wall coordinatey ™, of the first cell center is ap-
finally run at least 200 time marching iterations on justProximately one with a minimum of 0.4 and a maximum
the plume blocks and adjacent upstream blocks in order tgf five. The solution domain extends over six core diame-
smooth any inflections at the time/space marching blockers, O = 12.8 cm) upstream of the fan exit, nearly 32
boundary. Typical iteration counts for 3-D grids at eachdownstream and si¥ radially. In all plots, the origin of
grid level are 5,000, 4,000, 3,000 and 2,000. Axisymmet-the z-axis,z/D = 0.0, is set to the fan nozzle exit, which
ric cases are stiffer and require 10,000 iterations per griduts the core exit at/D = 0.83 and the plug tip at/D =
level. A sample convergence history, Figure 3, in termsl-87.
of flow and turbulence residual is shown for four grid se-
quence levels, where 0.5 denotes half of the spacing used Typical run times for the fully converged solution at the
for the production runs. Converged solutions for centerlindfine grid level are less than 40 hours for 16.2 million cells
total temperature, shown in Figure 4, are essentially identiusing up to 21 2-GHz Pentium 4 nodes on an unbalanced
cal at all grid levels and demonstrate numerical verificationgrid. Balanced computations using 8 CPU's for the eight
for the axial and radial directions. Consistency betweerplume blocks containing 600,000 cells each, yield parallel
the axisymmetric solutions and the periodic solutions of theefficiencies of up to 97% or a speed up factor of 7.8.
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Fig. 3 Config. 1-axi, Round Nozzle: Residual history at four

levels of grid refinement.
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Fig. 4 Config. 1-axi, Round Nozzle: Centerlin

ature at four levels of grid refinement.

Table 2 Zonal grid cell counts. *Config. 1-axi
ric and fully time marched.

30

e total temper-

is axisymmet-

Time Space
Marched Marched

Config. 2/D<14 /D> 14 Total

1 —azi* 2x148,464 2x 148,464
1 4,083,072 1,797,120 5,880,192
6 7,805,440 3,594,240 11,399,680
3 10,125,312 3,594,240 13,719,552
4F 12,620,096 3,594,240 16,214,336

Modified & — ¢ Model

Thek — ¢ model is the most popular two-equation turbu-
lence model and is widely used across many flow regimes,
even though it was developed and tuned primarily for two-
dimensional, incompressible flows. Thus, it is suspected
that observed errors in resolving high temperature jet mix-
ing is a result of the model being applied outside of its
envelope. The physical mechanism for the missing quan-
tity of turbulent mixing is thought to be due to the absence
of the density contribution to the Kelvin-Helmholtz insta-
bility. Experimentally:8 it has been shown that the spatial
growth of a two-dimensional shear layer is proportional to
the square root of the density ratio of the two mixing fluids.
In a recent study by Tam and Gane$angensity based cor-
rection was applied on top of the Thies and t&maodified
k — e model, however it is strictly intended for free shear
flows and therefore not applicable to the current configu-
rations. With installed jets it is particularly important that
the model apply to both free shear and wall bounded flows.
For the purpose of the present study, a minimally invasive
correction only to turbulent eddy viscosity is used to rectify
the mixing deficiency for high temperature jets. To insure
that the modified: — £ model returns to the original model
for cold jets and that it remains accurate for wall bounded
flows, turbulence scaled total temperatufejs chosen as
the variable for the additional eddy viscosity dependence,
where

K2 |V
e T

T= 1)

The functional relationship was determined by the best
match to experimental data for the baseline round nozzle
and is as follows,

)

CrT?
Cp=Cho {1+ T ]

14 Cp M?

where the standarkl—  closure coefficient i€’,,, = 0.09.

The temperature gradient coefficie@t, is set to 24.33 by
best fit to data after assigning the turbulence Mach number
coefficient, Cy; to 4. Turbulence Mach numbedf;, is
defined by

M? = 2k/a? (3)

wherea is the speed of sound. For this study no attempt
was made to construct a general functional dependence on
turbulence Mach number, hence Eq. 2 should only be used
for subsonic jet flows. However, this has now been suc-
cessfully addressed in Abdol-Hamed al

Results

The three issues to be addressed in this section are as
follows; 1) the rectified CFD results using the modified
€ model versus the original CFD results, 2) the validation
of CFD results with experimental data, and 3) explanation
of the physical characteristics of the flows.
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Fig. 6 CFD: C, factor on symmetry plane.

Fig. 5 Total temperature along jet axis.

CFD Rectification

The effect of the temperature gradient modified- ¢
model over the standarkl — = model for the round noz-
zle is to increase turbulent mixing and hence decrease th .3

0.99
== 0.87
S — 0.75

5 10 XD 15 20 25
Config. 1, Round Nozzle: Standard k- model.

potential core length by 3.4 core diametefs, The core g —— =
lengths are tabulated in Table 3 and are defined for e 2 ] i I i =53
in whichT; = 0.9957;__ along the axis of the jet, see Fig- Config. 1, Round Nozzle.

ure 5. The action of the modifiel — ¢ model in terms
—

Table 3 CFD Potential Core Length

10 XD 15 20
Config. 6, Round Nozzle w/ Pylon.

Config. Core lengthD

1-stdk — ¢ 12.5

1-modk — ¢ 9.1
6 8 1 C|gnfig. ;’%hglron Nozzley,o
3 4.6 ]
4F 5.4 . —_—

[] 25

10 XD 15 20
Config. 4F, Chevron Tip under Pylon.

Fig. 7 CFD: Total temperature on symmetry plane.

of the increased eddy viscosity closure coefficient is shown
in Figure 6, where theatio of the actual to the standard
value of 0.09 is plotted. In the code, the maximum ratio
is set to 5, however, most of the flow fields are well below e éi;ﬁ‘;
3. As aresult of the undisturbed shear layers, which Creat ~, o &1
strong temperature gradients, the round jet configuratior.
exhibits the highest amount 6f, amplification. CFD so-

[}

nozzle, Figures 7-10, with the standadtd- ¢ model fol-
lowed by all configurations with the modifigd— ¢ model.
Note, for configuration 3., the symmetry plane was plot- Q:
ted for the solution rotated b32.5° to be consistent with
experimental crossflow plots.

10 XD 15 20
Config. 1, Round Nozzle.

CFD Validation

Q
As previously discussed, the present model was tune: '
on the axisymmetric grid to the round nozzle experimen- Config. 3, Chevron Nozzle.
tal results. Particular attention was paid to matching the - = ————
axial total temperature at/D = 5 and 10. The model $=—= — %:
was then frozen for the other cases. Computed total tem -
perature along the axis is plotted with experimental data in
Figure 5. Comparing the data pointsagtD of 5 and 10,
configuration 1 is on data, configuration 3 is less than 1

[] 5

[} 25

10 XD 15 20
Config. 4F, Chevron Tip under Pylon.

Fig. 8 CFD: Total pressure on symmetry plane.
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5 10 XD 15 20
Config. 1, Round Nozzle: Standard k- model.

[ 5 1 Xm 15 20
Config. 1, Round Nozzle.
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Config. 1, Round Nozzle: Standard k-= model.
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Config. 1, Round Nozzle.
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10 15 20
Config. 6, Round Nozzle w/ Pylon.

Config. 4F, Chevron Tip under Pylon.

Fig. 10 CFD: Turbulent kinetic energy on symmetry plane.

a result of the under prediction of mixing. For configura-
tion 1,7} is in near perfect agreement apgdis within one
contour level of agreement, see Figures 11 and 12. For con-
figuration 3 shown in Figures 14 and 15, the mixing lobes
total temperature and pressure differ by only two contour
levels. With the addition of the pylon, configuration 4F
shows a slightly larger deviation from measured data, see
Figures 16 and 17. Focusing on the chevron induced cross-
flow plumes ate/D = 5, T; is two to four levels off, with

the highest difference being in a small region near the lower
bifurcator. The higher than expected temperature near the
lower bifurcator is likely a result of not modeling it as a
viscous surface, hence there is a lower level of turbulent
mixing in this region. For total pressure, the contours are
again seen to be two levels higher than measured. The per-
cent error in terms of the contour range is summarized in
Table 4. Calculated mass flow is also in good agreement
with measured data, see Table 5. Experimentally, there was
some discrepancy between two methods of measurement of
up to 0.36 kg/sec, however, in both sets of measurements
the trend was the same, so the comparison of normalized
values is valid and in excellent agreement with CFD.

Table 4 Relative CFD Crossflow Error

Config. T, Error  p, Error
1 ~ 0% < 5.5%
3 12.0% 11.0%
4F 12.0-24.0% 11.0%

Table 5 Mass flow Comparison. *Config. 6 was estimated
based on area ratio.

Config. 7.80355 s 7.9“5;& . Error
1 1.000 1.000 0%
6 0.940 0.94* 0%
3 0.993 0.994 -0.1%
4F 0.939 0.936 0.3%

D under mixed, and configuration 4F is between 1 and 2
D under mixed. Relative errors compared to the predictedFlow Physics

round core length are less than 11% for configuration 3 and Tpe purpose of creating a chevron core nozzle is to en-

11% to 22% for configuration 4F.

hance mixing and hence reduce noise with very little thrust

In comparisons with crossectional data for total temper{oss. Preliminary calculations for the current chevron noz-
ature and pressure, see Figures 11 - 17, the thickness agfks show a thrust loss of less than one percent. To clearly
shape of the shear layers are seen to be in excellent to gogthow the mixing effects of the chevron core and the pylon,
agreement with measured data. Note, no experimental datg non-dimensionalized, mass averaged turbulence kinetic
was taken for configuration 6. Also, for configuration 3. energy and total temperature expressions are introduced,
the CFD solution was rotated in the azimuthal direction byshown in Figures 18 and 19 respectively. The expressions

22.5° to align it with the experimental data. For the total follow those published by Kenzakowskt all! and are

temperature plots, the contour range extends from 0.39 tdefined as follows:

0.99 with a level spacing)\T;, of 0.04. For total pressure,

the range is from 1.00 to 1.72 with spacingp; = 0.04. R N \/Epu dA
In the experimental data plots, the data points were taken Po= YT

(4)
at Az and Ay = 0.1D intervals and are marked with a JapudA
small black dot. This tends to smear out thin shear layers, P fA dpu dA 5)
but does not account for the mismatch with CFD, which is £ [, pudA

6 0OF11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICSPAPER 2003-3212



-0.8-0.6-0.4-0.2

T
0-8F x/D=10]

P P A | Lot
-08-06-04-02 0 0.2 0.4 0.6 0.8

LRSS EARS RS LELE RS LR LEAE

08F x/D=17]

[P P VU U PU T U P
-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8
zD

Experiment

0.8 @X/D=2

-0.8-0.6-04-02 0 0.2 0.4 0.6 0.8

-0.8-06-04-02 0 0.2 0.4 0.6 0.8

-0.8-06-04-02 0 0.2 0.4 0.6 0.8

-0.8-06-04-02 0 02 0.4 0.6 0.8
zD

CFD

B[ DT 01 [
Tt/TtCORE

0.40 0.48 0.56 0.64 0.72 0.80 0.88 0.96

Fig. 11 Config. 1, Round Nozzle: Total temperature cross

sections atz/D of 2,5, 10 and 17.

where

o=

T — TtFAN

TtCORE - TtFAN

with integration only performed over areas where

0.005 < ¢ < 1.

(6)

()

0.6

0.4
02
So
-0.2

-0.4

-0.6

-0.8
-0.8-0.6-04-02 0 0.2 0.4 0.6 0.8

e e il
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Fig. 12 Config. 1, Round Nozzle: Total pressure cross sec-
tionsatz/D of 2,5, 10 and 17.

flow velocity vectors atc/D = 2, shown in Figure 20.

In these plots, uniformly spaced vectors were plotted with
the length proportional to the magnitude over contours of
the axial velocity component;. In both cases, as the py-
lon and plug close out, the crossflow velocity vectors show
flow moving in the direction to fill in the wake. For the

From the figures it is clear that the introduction of the round nozzle without a pylon, an overall inward flow is ob-
chevron core nozzle greatly enhances turbulent mixingserved due to the secondary flow set up by the plug. With
while the pylon installation contributes to the mixing by the addition of the pylon in configuration 6, a stronger over-
only a small amount for the round nozzle and even less foall vertical flow toward the pylon is setup. Also, because
the chevron nozzle. Chevrons are seen to be an excellettie pylon is also tapered in the horizontal direction, an
method to enhance mixing without introducing much tur-additional horizontal velocity is induced. This flow then
bulence in the near-field compared to the round nozzle wittseparates at the sharp bottom edge of the pylon and rolls up
pylon and actually reducing it in the far-field, see Figure 18.into a small vortex. For the chevron nozzle without a py-

The mechanism for the enhanced mixing due to botHon, configuration 3, an octagonal shaped influence on the
pylon and chevrons can be seen by examining the crosglug flow at the jet center is seen in the crossflow as well
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Fig. 13 Config. 6, Round Nozzle w/ Pylon: Total temperature
and pressure sections at/D of 2, 5, 10 and 17. Fig. 14 Config. 3, Chevron Nozzle: Total temperature cross

sections atz/D of 2,5, 10 and 17.

as the axial flow. However, the strongest effect by far iscarries turbulence energfrom both the boundary layer of
on the core/fan interface. Note, in this figure, configurationthe pylon as well as the core/fan shear layer, it is expected
3 has not been rotated as in the previous plots, therefor® be an additional source of noise.

its chevrons are oriented as shown in Figure 1c, and are .

aligned with configuration 4F, where the chevron tip is at Concluding Remarks

thez/D = 0. It is observed that the chevrons allow the The purpose of this study was to provide insight into
core flow to stream out in a strong crossflow plume muchthe flow physics of pylon-jet interactions and to provide
like a mushroom cloud, where the hot core flow rushes ughe input mean flow field to acoustic prediction methods
while drawing the cooler flow down around its base. Whenfor installed jet noise. Important flow phenomenon were
the effect of the pylon is added in for configuration 4F, two identified and the modeling techniques required to provide
notable effects are observed; 1) because of the pylon blockiighly accurate mean flow field data specifically for use as
age, no fan flow can be drawn down near the pylon, andnput to acoustic prediction models were established. Four
2) the vortex on the crossflow plume adjacent to the pylorconfigurations were considered; a baseline round nozzle
constructively interferes with the separation vortex com-with and without a pylon, and a chevron core nozzle with
ing from the bottom edge of the pylon and forms a muchand without a pylon. The flow was simulated by solving the
stronger vortex than in configuration 6. Since this vortexasymptotically steady, compressible, Reynolds-averaged
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Fig. 15 Config. 3, Chevron Nozzle: Total pressure cross sec- Fig. 16 Config. 4F, Chevron Tip under Pylon: Total temper-
tionsatz/D of 2,5, 10 and 17. ature cross sections at:/D of 2, 5, 10 and 17.

Navier-Stokes equations with a temperature gradient modiless than 11% for configuration 3 and 11% to 22% for
fied two-equatiork —e turbulence model. The current CFD configuration 4F. This study has also clearly shown that
results are seen to be in good to excellent agreement wittstallation effects are significant and introduce local and
Jet Noise Lab data and show great improvement over previglobal changes to the flow. Of critical importance is the
ous computations which did not compensate for enhancetiiterface between the chevron induced vortical flow and
mixing due to high temperature gradients. In terms of thehe bottom edge of the pylon which in the configuration
potential core length, which is the clearest single indicatodF interferes constructively to produce a potential source
of error, the new round nozzle computations are in comof noise. With a firm understanding of the flow physics
plete agreement with experimental data. This is in shargnd robust numerical model, future research will aim to de-
contrast to initial computations using the unmodified ¢~ Sign more affective noise attenuating nozzle modifications,
model, which over predicted potential core length by 3.4while further refining CFD prediction capabilities.

core diameters or 37%. Current results for the chevron core

nozzle without the pylon show a potential core length error Acknowledgments
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b) Config. 6, Round Nozzle w/ Pylon.

a) Config. 1, Round Nozzle.
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d) Config. 4F, Chevron Tip under Pylon.

) Config. 3, Chevron Nozzle.

Fig. 20 Crossectional velocity vectors with contours of. [m/s] at 2/ D of 2.
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